ABSTRACT Adult females of the ectoparasitoid Nasonia vitripennis (Walker) are capable of distinguishing between hosts of different quality, and then correspondingly adjust clutch sizes and sex ratios of the offspring. In this study, we examined whether the size of the maggot mass, and presumably the developmental temperature, inßuenced the suitability of the resulting ßy pupal and pharate adult stages as hosts for N. vitripennis. Three sizes of maggot masses (100; 500; and 1,000 individuals per mass) were selected for use to generate hosts based on previous studies characterizing developmental and heat shock response differences for the ßies. For all host species tested (Lucilia illustris, Protophormia terraenovae, and Sarcophaga bullata), the rate of parasitism by N. vitripennis decreased with increasing maggot mass size. When successful parasitism did occur, parasitoid development increased in duration, clutch sizes decreased, mortality from egg hatch to adult emergence elevated, male biased sex ratios were produced, and adult wasp body sizes were truncated with increasing ßy larval density. These wasp life history features are consistent with reductions in host quality. Host quality reductions corresponded to production of heat shock proteins 23, 60, and 70. Heat shock protein synthesis appeared to occur at the expense of normal protein production because total hemolymph protein concentrations decreased with increased larval density in maggot masses. These observations argue that use of N. vitripennis in criminal investigations to estimate periods of insect activity or a minimum post mortem interval must take into account the maggot mass history of the hosts used by the wasp.
Necrophagous calliphorids (blow ßies, bottle ßies) are attracted to vertebrate carrion within minutes of death, and are among the Þrst colonizers (Smith 1986) . Adult females typically oviposit in clusters on or near natural body openings and wounds, essentially ensuring that upon egg hatch, large feeding aggregations form on the carrion. The resulting maggot masses can be heterogeneous or homogeneous in terms of species composition, form the bases of carrion communities (Hanski 1987) , and are believed to be advantageous to feeding ßy larvae through cooperative feeding, temperature regulation of the microhabitat (i.e., internal mass environment), and possibly provide protection from predators and parasites (reviewed by Rivers et al. 2011) . In some animal species, group feeding by conspeciÞcs is thought to promote spatial aggregation of allospeciÞc competitors, thereby functioning as a predator avoidance strategy (Krebs and Davies 1996) . The aggregation may afford protection when population densities are high by reducing the risk of attack by predators and parasites to those individuals feeding in the center of the group (Parrish and Edelstein-Keshet 1999, Hunter 2000) . The strategy appears to be employed by several Drosophila species to avoid parasitism by hymenopteran parasitioids (particularly braconids) during larval stages (Bernstein 2000, Rohlfs and Hoffmeister 2004) . However, use of spatial aggregation in maggot masses as a predator and parasite avoidance strategy has not been examined for carrion breeding ßies.
Elevated maggot mass temperatures produced by necrophagous ßies have been argued to be a possible means to promote spatial aggregation among competitors (Richards et al. 2009 ) and also to serve as a means to reduce parasitism by parasitic wasps (Rivers et al. 2011) . In the latter scenario, accelerated larval growth rates as a function of elevated mass temperatures leads to smaller puparia (Ullyett 1950 , Kamal 1958 , Rivers et al. 2010 , which is predicted to represent a diminished nutritive food source for parasitoids, particularly those relying on a gregarious reproductive strategy (Rivers and Denlinger 1995 , Rivers 2007 , Voss et al. 2009 ). Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae) is an example of a gregarious ectoparasitoid of synanthropic ßies that frequently rejects hosts deemed too small Denlinger 1995, Rivers 2004) ; or if oviposition on such ßies does occur, clutch sizes are smaller, sex ratios are increasingly male biased, larval development is extended, and adult body sizes (particularly female) are truncated (Rivers and Denlinger 1995) . Though these observations provide circumstantial evidence that heat stress in maggot masses may provide protection from parasitism during puparial stages, the idea that necrophagous ßies employ an avoidance strategy to parasitoids has not been tested experimentally.
As a Þrst step to test the hypothesis that large maggot masses produced by necrophagous ßies afford protection from pupal parasitoids, the fecundity and development of N. vitripennis on puparia generated from different size maggot masses from three ßy species [ Sarcophaga bullata Parker (Diptera: Sarcophagidae), Protophormia terraenovae (Robineau-Desvoidy) (Calliphoridae), and Lucilia illustris (Meigen) (Calliphoridae)] were examined. Larvae of S. bullata and P. terraenovae generate internal heat in larval aggregations dependent on the size of the maggot mass, and have been shown to respond to proteotaxic stress in aggregations by increased larval growth rates, decreased larval weights, reduced puparial sizes, lower adult eclosion rates, shifts in the day of eclosion, and increases in larval, pupal, and pharate adult mortality (Rivers et al. 2010) . The altered ßy development appears to correspond with elevated synthesis of speciÞc heat shock proteins (hsp 23, 60, 70, and 90) in larval brains of both species (Rivers et al. 2010) . All of the changes in the heat-stressed larvae and subsequent pupae are predicted to alter other features of pupal and pharate adult development, including the nutritional quality to potential parasitoids attempting to use the ßies as hosts (Rivers et al. 2011) .
We examined the impact of larval maggot mass sizes, and hence internal mass temperatures, on the suitability of resulting puparia from three ßy species to serve as hosts for N. vitripennis. Several features of wasp fecundity and development were examined including incidence of parasitism, clutch sizes, duration of development, incidence of larval diapause, sex ratios, and adult body sizes. Heat shock protein expression also was assessed by performing Western blot analyses on proteins extracted from pupal and pharate adult brains from P. terraenovae and S. bullata.
Materials and Methods
Parasitoid and Host Rearing. N. vitripennis was maintained as a laboratory colony on pupae and pharate adults of S. bullata as described previously (Rivers and Denlinger 1995) . Adults and larvae were reared at 25ЊC and a photoperiod of 15:9 (L:D) h. Twenty to thirty females (3Ð7 d after emergence from host puparia) were placed in a petri dish (15 by 100 mm) with 40 Ð 60 nondiapausing pupae (4 d after pupariation at 25ЊC) of S. bullata and a 50% (vol:vol) honeyÐwater solution. After 24 h, the adult wasps were removed and parasitized pupae maintained at 25ЊC and a photoperiod of 15:9 (L:D) h. Under these conditions, N. vitripennis completes development from egg to adult (emergence) in 12 d.
Laboratory colonies of S. bullata, P. terraenovae, and L. illustris were maintained as detailed by Denlinger (1972) . Adults were reared in wire mesh cages (1 foot by 1 foot by 1 foot) at 25ЊC, 70 Ð75% RH, and a photoperiod of 15:9 (L:D) h, and fed beef liver and sugar cubes ad libitum. Larvae were fed beef liver (liver placed on playground sand in open plastic containers [12 by 8 by 4 inches]) throughout development under the same conditions as adults in environmental chambers (model 1Ð30BL, Percival ScientiÞc, Boone, IA).
Generation of Hosts. To produce puparial hosts for N. vitripennis, larvae of each ßy species were reared in maggot masses of different sizes known to yield changes in ßy development and altered heat shock protein expression ( Fig. 1) (Rivers et al. 2010) . Maggot masses were set up by placing either neonate larvae (S. bullata) or eggs (calliphorid species) on fresh beef liver (150 g) placed directly on playground sand (Ϸ2 inches) in a 2.5-gallon aquarium (Byrd 2001) . Larval aggregations were established as 100, 500, and 1,000 individuals per mass. Flies were maintained at 25ЊC, 70 Ð75% RH, and under long day conditions in environmental chambers (model 1Ð30BL, Percival ScientiÞc, Boone, IA). When Ͼ50% of the individuals from a given mass had initiated pupariation behavior, the liver was removed from the containers, larvae/prepupae were transferred to fresh sand, and allowed to complete pupariation and pupation under the same conditions used for rearing larvae. Completion of pupation was monitored by opening the opercula of 5Ð10 individuals from each mass to assess whether molting ßuid had been reabsorbed and if pupae had formed.
Puparial weights were determined for each size maggot mass for all ßy species tested. A sample of 15 puparia on day 4 after pupariation (at 25ЊC) for each maggot mass size were weighed on an Oertling R20 analytical balance (London, United Kingdom). The experiments were repeated six times with 15 puparia per replicate.
Exposure of Parasitoids to Hosts. Nondiapausing pupae and adults of each ßy species were exposed singly to host-fed experienced females of N. vitripennis (3Ð7 d after emergence from host puparia at 25ЊC) as described previously (Rivers et al. 1998) . To facilitate counting of eggs and assessing incidence of parasitism, oviposition was restricted to the posterior one-third of ßy puparia by wrapping in aluminum foil (Rivers and Denlinger 1994) . After host exposure for 4 h at 25ЊC, the adult wasps were discarded, the posterior cap of each puparium was opened, and evidence of parasitism (as determined by presence of wasp eggs or necrotic spots associated with venom injection) was determined and parasitoidÕs eggs counted. Experiments were performed with each age puparia for each spe-cies from the day pupation was complete (N. vitripennis will only parasitize true pupae and pharate adults) until adult eclosion. Each experiment was repeated three times with 15 puparia per replicate at each time point for each species of host.
In parallel experiments, ßy hosts were exposed to N. vitripennis as described above with the exception that oviposition was not restricted to a particular body region. Parasitized ßies were kept separately in glass test tubes (13 by 100 mm) plugged with cotton and maintained at 25ЊC and a photoperiod of 15:9 (L:D) h until adult emergence. Clutch sizes, sex ratios, duration of development, incidence of diapause, and adult body length (from head to tip of abdomen) were determined for each age of host for all three ßy species. Each experiment was repeated three times with 15 puparia per replicate at each time point for each species of host.
Choice Tests. To determine if adult females of N. vitripennis can distinguish between ßies resulting from different size maggot masses, puparia from each host species were used in paired choice tests. Two-day-old puparia from a given ßy species were produced in maggot masses described earlier and placed singly in a petri dish bottom containing playground sound. A second puparium from the same species but produced from a different size maggot mass (i.e., a puparium from 100 individuals per mass paired with 500 per mass, or 500 per mass paired with 1,000 per mass) was placed in the same dish, so that the two puparia were separated by 5 mm. This distance was determined in preliminary experiments to provide sufÞcient space between ßies that adult wasps had to physically leave a puparium to probe the second ßy. Host-fed experienced females were placed singly in the petri dishes (with a lid) for 3 h at 25ЊC. Preliminary experiments revealed that the vast majority (Ͼ75%) of adult females successfully complete only one oviposition episode (includes host seeking behavior, puparium drilling, probing of pupal tissues, venom injection, oviposition, and possibly host feeding; details described in Rivers 1996) during a 3-h period at 25ЊC. After host exposure, adult wasps were discarded and the puparia kept separately as described earlier. Upon adult parasitoid emergence, the incidence of parasitism in a pair was determined. The experiments were replicated so that each possible puparial combination for a given species was repeated 30 times.
The above experiments were repeated using 4-d-old puparia of L. illustris, P. terraenovae, and S. bullata as hosts for N. vitripennis. The effect of species on choice selection was not performed in this study.
Brain Dissections and Protein Isolation. To determine whether puparial stages of P. terraenovae and S. bullata express heat shock proteins based on the conditions experienced as larvae, brains from pupae and pharate adults were examined for expression of speciÞc hsps (hsp 23, 60, and 70). L. illustris was not used for this experiment because comparative larval hsp expression data were not available. Fly puparia were generated by rearing larvae in maggot masses of 100; 500; and 1,000 individuals per mass as described earlier. Previous work (Rivers et al. 2010) has shown that for both species, qualitative increases in expression of Fig. 1 . Generation of ßy hosts from different size maggot masses. Larvae of L. illustris, P. terraenovae, and S. bullata were reared in maggot masses of 100, 500, and 1,000 individuals/mass on beef liver at 25ЊC, and the resulting puparial stages were used as hosts for host-fed females of N. vitripennis.
four hsps (hsp 23, 60, 70, and 90) increased with size of larval aggregations. Thus, hsp expression was expected to be highest in puparia resulting from the largest larval aggregations and decrease as the ßies progressed in pharate adult development. At 24-h intervals after completion of pupation, puparia were washed in sterile water to remove debris, the opercula of each puparium opened to expose the head and the anterior portion of the thorax, washed again in distilled water, and then the head removed with iris scissors. Brains were removed by dissection under a stereo dissecting microscope (Zeiss Stemi 2000, Oberkochen, Germany). The head of each ßy was severed from the thorax by using iris scissors and placed in phosphate buffered saline (25 mM, pH 7.4). The head integument was then cut longitudinally along the dorsal surface to bisect between the optic lobes and expose the brain. Iris scissors were used to gently cut all tracheal and neural connections and the brains from Þve individuals at each time point for each species were pooled before stored frozen at Ϫ20ЊC. Proteins were extracted from the brains essentially as described by Joplin et al. (1990) .
Western Blotting. Electrophoretic separation of brain proteins, transfer of proteins to membranes, and immunoblotting were performed essentially as described by Towbin et al. (1979) and Burnette (1981) . Pooled brain protein isolates (n ϭ 5 brains/pool, 5 l/sample) were mixed with 2x loading buffer and resolved in a 10% separating SDS polyacrylamide gel for 1 h at 100 V. Kaleidoscope markers (Bio-Rad, Hercules, CA) also were resolved to determine hsp band sizes. Proteins were transferred to PVDF membrane (Millipore, Bedford MA) for 45Ð 60 min at 100 V. Membranes were blocked in 5% (wt:vol) nonfat dry milk (Carnation) in Tris-buffered saline (Sigma, St. Louis, MO) with 0.05% Tween (TBST) for 1 h at room temperature and then incubated overnight with the primary antibody (1:3,000 dilution for all hsps) in TBST containing 5% dry milk. After three consecutive washes in TBST for 15 min each, the membrane was incubated with the secondary antibody (1:3,000) in TBST for 90 min at room temperature. The membrane was washed and proteins were visualized using Enhanced Chemiluminescence (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) according to manufacturerÕs directions. Treated membranes were exposed to BioMax Þlm (Kodak, Rochester, NY) for 15Ð 60 s and developed with Kodak developer and Þxer. The Þlms were digitally captured using a Bio-Rad Gel Doc imager (XR System, Hercules, CA) equipped with Quantity One 1-D analysis software (v. 4.6.7, BioRad). An area of interest was created for each image to standardize measurements and images were analyzed for speciÞc band density by using Un-Scan-it software (v. 6.1, Silk ScientiÞc, Orem UT). Band density was normalized to blank developed Þlm and data are reported as density (normalized pixels/area of interest). Antibodies were purchased from the following sources: hsp23 (Sigma, St. Louis, Mo), hsp60, and hsp70 (Assay Designs, Ann Arbor, MI), secondary antibodies were conjugated afÞnipure donkey antigoat and anti-mouse HRP (Sigma).
Host Protein Determination. Hemolymph total protein concentration was determined for postfeeding larvae (third stage, crop empty larvae) and 2-d-old pupae (at 25ЊC) for all three ßy hosts by using a Coomassie Protein Assay Kit (Pierce Biochemicals, Rockford, IL) based on the Bradford method. Hemolymph was collected from larvae (5 l/larva) and pupae (2 l/pupa) by using the method described by Rivers et al. (2002) . Samples were centrifuged immediately after collection at 10,000 rpm at 4ЊC for 5 min to remove hemocytes. Bovine serum albumin in 0.9% PBS and 0.05% sodium azide were used as the protein standard. Ten individuals were used for each development stage and the experiments replicated three times (n ϭ 30 for each development stage).
Statistical Analyses. Means were compared using one-and two-way analyses of variance and Student Newman Keuls multiple comparisons tests (␣ ϭ 0.05). Percentage data were arcsine transformed before analyses. Choice tests were compared using paired ÔtÕ tests. Data analyses were performed using GraphPad InStat statistical software (v. 3.0a for Macintosh, GraphPad Software, San Diego, CA).
Results
Incidence of Parasitism. Upon encountering a ßy host, adult females of N. vitripennis engage in a series of stereotypic oviposition behaviors that include drilling through the hardened puparia, probing host tissues, and eventually culminate with venom injection and egg laying (Rivers 1996) . Venom injection always precedes oviposition, and in some instances, envenomation occurs but eggs are never deposited. Such hosts die as a result of venom action and are termed ÔdudsÕ because they yield no wasp progeny (Ratcliffe et al. 2002) . In this study, the incidence of parasitism was assessed by restricting oviposition to posterior body regions and then observing 1) whether eggs had been laid; or 2) when no eggs were present, checking for obvious necrotic spots on the integument where venom had been injected (Rivers et al. 2002) . When puparia from L. illustris, P. terraenvoae, and S. bullata were exposed to adult parasitoids, the incidence of parasitism was highest with puparia generated from the smallest size maggot masses (F ϭ 112.2; df ϭ 16, 2430; P Ͻ 0.05), and decreased with increasing size of the masses and also with age of puparia (F ϭ 67.3; df ϭ 22, 3240; P Ͻ 0.05) (Fig. 2) . These trends were most evident when the incidence of parasitism included hosts used for oviposition as well as those envenomated-only (Fig. 2) . Though puparia produced by S. bullata were signiÞcantly smaller (F ϭ 20.4; df ϭ 7, 405; P Ͻ 0.001) with increasing maggot mass size, this trend was not as pronounced for the other two ßy species (Table 1) .
Wasp Fecundity. Fecundity of N. vitripennis when using each host was determined by examining clutch sizes and progeny production, the latter included emerged adults as well as larvae in diapause. As with Fig. 2 . Incidence of parasitism by N. vitripennis on ßy hosts resulting from different size maggot masses. Each age ßy from completion of pupation until the onset of adult eclosion behavior served as hosts. Flies injected with venom but that did not contain parasitoid eggs were termed duds and incidence of parasitism was determined either counting parasitized ßies and duds, or excluding duds. the incidence of parasitism, clutch sizes and progeny production was highest on puparia produced from the smallest size larval feeding aggregations (F ϭ 40.2; df ϭ 16, 2430; P Ͻ 0.05), and declined with size of maggot masses as well as age of hosts (F ϭ 74.5; df ϭ 16, 2430; P Ͻ 0.05) (Fig. 3) . Consistent with the host preference of N. vitripennis (Rivers and Denlinger 1995) , adult females laid far more eggs (F ϭ 34.1; df ϭ 22, 3240; P Ͻ 0.001) and more progeny were produced (F ϭ 45.0; df ϭ 22, 3240; P Ͻ 0.001) on S. bullata than either of the calliphorid hosts (Fig. 3) , regardless of host age. Despite the higher fecundity, mortality from egg to adult was much higher (F ϭ 27.5; df ϭ 22, 3240; P Ͻ 0.05) when wasps developed on puparia from S. bullata resulting from the largest larval feeding aggregations than for L. illustris or P. terraenovae (Fig. 3) .
Wasp Life History Traits. For all three ßy hosts, the duration of wasp development from egg hatch to adult emergence from host puparia was longer on puparia resulting from the largest maggot masses (Table 2 for L. illustris, Table 3 for P. terraenovae, and Table 4 for S. bullata). However, the length of parasitoid development did not differ signiÞcantly between species for puparia generated from the same size maggot masses (F ϭ 3.4; df ϭ 2, 3240; P Ͼ 0.05). Sex ratios of clutches also were altered by the hosts as they became increasingly (F ϭ 55.8; df ϭ 22, 3240; P Ͻ 0.001) male biased when wasps developed on hosts associated with large larval feeding aggregations, regardless of ßy species (Tables 2Ð 4) . As with developmental duration, there were no signiÞcant differences (F ϭ 1.21; df ϭ 2, 3240; P Ͼ 0.05) in sex ratios between species for puparia from the same size maggot masses.
Adult body sizes (length) were reduced when reared on puparia from any of the ßy hosts resulting from maggot masses Ͼ100 individuals per mass (Tables 2Ð 4). Although both sexes of adult wasps displayed truncated body sizes in response to size of larval aggregations, the effect was most pronounced with adult females (F ϭ 60.9; df ϭ 22, 3240; P Ͻ 0.001), displaying a nearly 13% reduction in length from head to abdomen when reared on puparia of S. bullata produced from the largest maggot mass (Table 4) . Puparia from L. illustris and P. terraenovae yielded similar effects on wasp sizes, although the reductions in adult body length were not as drastic as those evoked by S. bullata (F ϭ 19.5; df ϭ 22, 3240; P Ͼ 0.05).
The incidence of larval diapause in N. vitripennis was low for all host conditions (i.e., mass size, host species, host age) tested and did not differ signiÞ-cantly (F ϭ 4.2; df ϭ 22, 3240; P Ͼ 0.05) between puparia produced from larval aggregations of different sizes for any ßy species used as hosts (Tables 2Ð 4) .
Choice Tests. To determine if N. vitripennis can distinguish between puparia generated in different size maggot masses, paired choice tests were performed. Adult females were offered two puparia at a time, separated by enough distance (5 mm) to ensure that the wasp physically must leave one puparium to reach the second. The period of time (3 h at 25ЊC) that the parasitoids were allowed exposure to the hosts was determined in preliminary experiments to permit only one complete oviposition episode by Ͼ75% of the females tested. In all paired combinations of puparia tested, the incidence of parasitism was nearly identical regardless of host species or host age (Table 5 ). This trend was true despite large differences in puparial weight observed for S. bullata or more modest decreases observed for the calliphorid puparia resulting from large maggot masses (Table 1) . In a small percentage of pairings (Ͼ5% of all choice tests, n ϭ 540), female parasitoids parasitized both puparia in the test. However, these occurrences appeared to be random as multiple oviposition attempts were observed with all puparial combinations tested and with each host species.
Heat Shock Protein Expression. Larvae from S. bullata and P. terraenovae are known to express hsps (hsp 23, 60, 70, and 90) in response to increasing size, hence elevated temperatures, of the feeding aggregations (Rivers et al. 2010) . To determine if these same hsps are expressed in the resulting puparial stages, Western blot analyses were performed on brain extracts isolated from either pupae or pharate adults of both species on each day from the onset of pupation until adult emergence. For P. terraenovae, hsp 23, 60, and 70 were detected in brain extracts for all ßies tested, regardless of the size of the maggot masses or puparial age (Fig. 4) . In general, the relative intensity of protein bands detected by Western blot analyses qualitatively increased with host age in terms of expression of hsp 23 and 60 for P. terraenovae, but not for hsp 70 (Fig. 4) . In fact, the levels of hsp 70 were low by comparison to the other hsps examined and no obvious differences in protein abundance were apparent because of age of the ßies.
In contrast, hsp expression in S. bullata was much more variable than with P. terraenovae. Heat shock proteins 23 and 60 were detected in nearly all brain extracts from the ßesh ßies, regardless of maggot mass size or host age (Fig. 4) . However, expression of hsp 70 was low (undetectable on some days) during the Þrst 6 d after pupation in S. bullata produced from feeding aggregations of 1,000 individuals per mass (Fig. 4) . Qualitative trends in expression levels of any of the hsps were not evident in terms of size of the maggot masses producing the pupae or pharate adults, or associated with puparial age (Fig. 4) .
Hemolymph Protein Levels. Production of hsps generally occurs at the expense of normal protein synthesis, potentially lowering the nutritional value of Maggot masses were maintained at 25ЊC with a photoperiod of 15:9 (L:D) h. Puparial weights were measured 4 d after pupariation (at 25ЊC). Values in the same column or row followed by the same letter do not differ signiÞcantly from each other at P Ͻ 0.05. the ßies used in this study to serve as hosts for N. vitripennis. To examine this possibility, the total protein concentration of hemolymph collected from postfeeding larvae from each size maggot mass for each ßy was determined. As the size of maggot mass increased, sharp reductions in hemolymph protein concentration were Fig. 3 . Fecundity of N. vitripennis reared on ßy hosts resulting from different size maggot masses. Each age ßy from completion of pupation until the onset of adult eclosion behavior served as hosts. Fecundity was determined through eggs counts and total progeny production (adults and larvae in diapause).
observed for all three ßy species: Hemolymph protein levels dropped by nearly 30Ð34% in post feeding larvae collected from the largest maggot masses by comparison to the smallest (Fig. 5) . The protein concentrations determined for hemolymph collected from S. bullata and P. terraenovae were signiÞcantly higher (F ϭ 43.9; df ϭ 8, Puparia generated from different size maggot masses were exposed singly to N. vitripennis. Each age host following pupation to adult emergence was used for the experiments and replicated 3 times with 15 puparia per replicate for each age of host. Values in the same column followed by the same letter do not differ signiÞcantly from each other at ␣ ϭ 0.05. Puparia generated from different size maggot masses were exposed singly to N. vitripennis. Each age host following pupation to adult emergence was used for the experiments and replicated three times with 15 puparia per replicate for each age of host. Values in the same column followed by the same letter do not differ signiÞcantly from each other at ␣ ϭ 0.05. NP indicates not parasitical. 270; P Ͻ 0.05) than for L. illustris with all sizes of maggot masses. However, differences between the ßesh ßies and Holarctic blow ßies were insigniÞcant (F ϭ 2.9; df ϭ 1, 180; P Ͼ 0.05).
When the experiments were repeated using 2-d-old pupae (at 25ЊC), similar depressions in hemolymph concentrations were detected as for post feeding larvae (Fig. 5) . Despite the large differences in puparial weights (Table 1) , hemolymph protein titers, with the exception of pupae collected from masses of 100 individuals/mass, from S. bullata did not differ signiÞ-cantly from those determined for P. terraenovae (F ϭ 4.1; df ϭ 5, 180; P Ͼ 0.05) or L. illustris (F ϭ 3.6; df ϭ 5, 180; P Ͼ 0.05). In contrast, protein levels in pupae of P. terraenovae were much higher (F ϭ 48.4; df ϭ 5, 180; P Ͻ 0.001) than found in L. illustris for ßies Puparia generated from different size maggot masses were exposed singly to N. vitripennis. Each age host following pupation to adult emergence was used for the experiments and replicated 3 times with 15 puparia per replicate for each age of host. Values in the same column followed by the same letter do not differ signiÞcantly from each other at ␣ ϭ 0.05. (Fig. 5 ).
Discussion
The gregarious ectoparasitoid N. vitripennis is known to use a wide range of cyclorrhaphous Diptera as hosts, but prefers puparia from sarcophagids and calliphorids over other families of ßies (Darling and Werren 1990) . Flesh ßies and blow ßies generally offer the highest host quality to this wasp because of the response of the ßies to venom injection: Fly hosts enter a state of retarded or delayed development after envenomation that is characterized by a suppression of cellular immune responses, altered pharate adult development, and redirected metabolism Denlinger 1994, 1995; Rivers et al. 2002) . These host responses are essential to maximize wasp progeny production. Before oviposition, adult females have the ability to assess the quality of the ßy and then lay the maximum clutch sizes supportable by the host (Rivers 2007) . This assessment process is precise as clutch sizes and progeny production (adult wasps plus larvae in diapause) by N. vitripennis typically do not vary by Ͼ10% (Rivers and Denlinger 1995) . The details of how females measure host quality have not been deciphered, but most features of host suitability appear to require probing of ßy tissues with the ovipositor before brood sizes and sex ratios are determined (King and Skinner 1991) . Consistent with this view is the observation that though puparia produced from small maggot masses by L. illustris, P. terraenovae, and S. bullata were most suitable for parasitism by N. vitripennis, wasp females were not able to distinguish between puparia of different host quality before drilling. In fact, signiÞcant size (weight) differences existed between puparia resulting from small versus large maggot masses, yet N. vitripennis displayed no pref- Fig. 4 . Expression of speciÞc heat shock proteins in pupae and pharate adults of S. bullata and P. terraenovae on each day after pupation at 25ЊC. Flies were reared in maggot masses (100 larvae per mass; 500 per mass; or 1,000 per mass) on beef liver maintained at 25ЊC. erences in paired choice tests. These observations suggest that this wasp is not able to measure host quality based on external cues only, which is contrary to the waspÕs presumed ability to use such cues for host recognition (Edwards 1954 , Wylie 1970 , Rivers and Denlinger 1995 and is also unique from several other parasitoids that use host size as a measure of nutritional value (Li and Mills 2004 , Chong and Oetting 2006 , Liu et al. 2011 ).
An interesting dichotomy appears to exist for N. vitripennis: Adult females are capable of recognizing ßy species that are unacceptable hosts before attempting to drill (Rivers and Denlinger 1995) , yet within host range, lower quality or unacceptable hosts apparently cannot be determined until after female wasps have probed host tissues. The process of drilling typically lasts at least 1Ð2 h before completion (Rivers 1996) , thus if puparia of stressed ßies require more time or energy by parasitoids to drill, then the mortality risk to wasps would be expected to increase (Charnov and Skinner 1985, Outreman and Pierre 2005) , thereby affording some protection to subsequent ßies. However, decisions on host quality and hence whether to oviposit, at least in this study, did not seem to be Þnalized until after penetration of host tissues with the ovipositor, which frequently leads to injury, death of the ßy, or both (Rivers 1996) . The latter observation argues against the possibility that elevated maggot mass temperatures and subsequent heat-stressed ßies are part of a predator avoidance strategy.
An alternative "strategy" could be that parasitism is not deterred, but wasp population density is reduced through high larval mortality, production of adults less fecund on heat-stressed ßies, or both. Both scenarios occurred in this study. Incidence of parasitism, size of clutches, and adult body sizes (parasitoid body sizes generally correlate with fecundity; Mackauer and Sequeira 1993) all decreased in response to hosts produced from increasingly larger maggot mass sizes for all three species of ßies examined. Broods also displayed increasingly male-biased sex ratios and the length of development lengthened with size of larval aggregations, features reßective of decreased parasitoid Þtness (Godfray 1994 , Roitberg et al. 2001 . Mortality from egg hatch to adult emergence also rose with hosts produced from large maggot masses, suggesting that females of N. vitripennis were less able to fully assess host suitability of heat stressed ßies and thus deposited more eggs than could be supported by the host. The decline in host value to parasitoids has been attributed to thermal stress in maggot masses (Rivers et al. 2010 ). These observations do not preclude the possibility that other, nonproteotaxic stressors (i.e., overcrowding) can lead to puparia with depressed nutritional content (Williams and Richardson 1983 , Rivers and Denlinger 1995 , Ireland and Turner 2006 , and thereby account for similar changes in wasp fecundity and development. However, in studies (Rivers and Denlinger 1995 , Rivers et al. 1998 ) that have examined various nonproteotaxic stressors on host quality for N. vitripennis, despite reduced clutch sizes, increased developmental duration and male-biased sex ratios, wasp mortality remained low, implying that unlike in this study, estimation of host suitability was discernable by parasitoid females before oviposition. Clearly further investigation into the potential impact of heat stress on host suitability is needed. A compelling argument to account for reduced wasp Þtness through changes in host quality is thermal stress because of production of heat in larval aggregations. For many species of necrophagous calliphorids and sarcophagids, larval aggregations produce heat dependent on species and larval volume, density of the masses, or both, and yield a microclimate with temperatures well above ambient (Campobasso et al. 2001 , Slone and Gruner 2007 , Rivers et al. 2010 . The elevated temperatures reported under natural or laboratory conditions constitute proteotaxic stress, capable of triggering the heat shock response (Feder 1996 , Korsloot et al. 2004 . Larval brains of S. bullata and P. terraenovae have been shown to produce several hsps (23, 60, 70, and 90) in response to increasing maggot mass sizes, which in turn has been attributed to temperature increases dependent on larval density (Rivers et al. 2010) . In this study, puparial stages resulting from these same maggot masses express hsps, albeit in less predictable relationships, throughout pupal and pharate adult development. Production of these hsps also appears to be at the expense of normal protein synthesis as evidenced by the reduction in total hemolymph protein concentration detected in postfeeding and 2-d-old pupae. Similar drops in protein levels have been observed in heat stressed larvae of D. melanogaster (Feder et al. 1997 ) and undoubtedly contribute to reduced nutritional value of ßies for parasitoids. In fact the impact could be twofold for N. vitripennis: Lower host quality (i.e., depressed nutrient content) for feeding wasp larvae and reduced host protein obtained by host-feeding adult females needed for egg production. The signiÞcance of the hsps to ßy larvae in the maggot masses or the resulting puparial stages has not been examined.
The alterations in wasp development associated with hosts generated in different size maggot masses have implications for criminal investigations relying on N. vitripennis as evidence. Use of parasitoids to determine periods of insect activity or the minimum postmortem interval is infrequent for a variety of reasons (Amendt et al. 2000 , Disney and Munk 2004 , Turchetto and Vanin 2004 , Voss et al. 2009 ). However, N. vitripennis offers advantages over many other parasitic species in that ßy hosts cannot be parasitized until after pupation is complete but before the onset of eclosion behavior, providing a window into the minimum length of host development on a corpse. Wasp development rates from egg to adult emergence at any given temperature show low variation among siblings (Whiting 1967, Rivers and Denlinger 1995) , and because little outbreeding occurs with N. vitripennis in patchy environments like carrion (Werren 1980) , developing wasp progeny in multiple puparia collected at a crime scene likely are related. Development of N. vitripennis slowed when ßy hosts were stressed because of the conditions of the larval feeding aggregations, and because these hosts showed obvious signs of thermal stress, it appears that like with necrophagous ßies, degree-day models using this wasp must take into account the thermal history of maggot masses (Higley and Haskell 2010) .
